INTRODUCTION
Space debris has been growing rapidly since the start of the Space Age, which began in 1957 with the launch of the Soviet Union's first satellite, Sputnik 1. According to [1] , in 2013 there were about 17000 object with sizes greater than 10 cm in LEO. These objects consist of spent rocket stages or satellites, but also collision fragments and various used spacecraft parts such as fuel containers, pipes, etc.
The debris poses a threat to on-going and future space missions (there are currently 655 satellites in LEO) and mitigations like the 25-year post-mission disposal [2] have been imposed so as not to further expand the debris objects number.
The historical practice of abandoning spacecraft and upper stages at EOM (end-ofmission) has allowed more than 2 million kg of debris to accumulate in LEO. The most effective means for preventing future collisions is the removal of all spacecraft and upper stages from the environment in a timely manner. Post mission disposal options are natural or directed reentry into the atmosphere within a specified time frame, a maneuver to one set of disposal regions in which the space structures will pose little threat to future space operations, and retrieval and return to Earth. In general, the most energy-efficient means for disposal of space structures in orbits below 1400 km is via maneuver to an orbit from which natural decay will occur within 25 years of EOM and 30 years from launch.
The re-entry orbit can also be reached by the use of certain re-entry oriented devices. These devises include passive devices such as decelerating sails (solar radiation pressure and drag-augmentation sails), tethers or balloons, devices for active control of the de-orbiting ballistic phase, such as aero brakes, ballast masses, flaps or parachutes and finally, additional propulsion sub-systems.
This article focuses on the use of a passive electro-dynamic drag tether as a means of deorbiting an upper stage at EOM from a circular orbit in LEO, with an inclination up to 75 degrees.
TETHER APPLICATIONS IN SPACE MISSIONS
As pointed out in [3] , the use of tether technology in space missions can be grouped in eight categories of applications, categories which specify the scientific field which utilizes tether technologies in space missions. These categories are the following: aerodynamics (i.e. station tethered express payload systems, multiprobe for atmospheric studies), concepts (i.e. gravity wave detections using tethers, Earth-Moon tether transport systems), controlled gravity (i.e. rotating controlled gravity laboratory, tethered space elevator), electrodynamics (i.e. electrodynamic power generation, electrodynamic thrust generation), planetary (i.e. Jupiter inner magnetosphere maneuvering vehicle, Mars tethered observer), science (i.e. science applications tethered platform, tethered satellite for cosmic dust collection), space station (i.e. microgravity laboratory, attitude stabilization and control), transportation (i.e. tether reboosting of decaying satellites, tether rendezvous system).
Electrodynamic applications of tethers include electrodynamic power generation, electrodynamic thrust generation and ULF/ELF/VLF communications antenna. The possible use of the electrodynamic power generation or electrodynamic brake/drag concept is the generation of DC electrical power to supply primary power to on-board loads. A description of the applied concept is the following: a spacecraft is connected to a subsatellite through an insulated conducting tether, with plasma contactors used at both tether ends, and the motion through the geomagnetic field induces a voltage across the tether, so that DC electrical power is generated at the expense of spacecraft/tether orbital energy. The space missions which proved the electrodynamic brake/drag concept were TSS-1 (1992), TSS-1R (1996) and the PMG (Plasma Motor Generator) flights (1993).
The electrodynamic power generation concept and practice showed that a tethered space system of mass 900 to 19000 kg, having an aluminum tether of length 10 to 20 km produces approximately 1kW to 1MW power.
The generation of electrodynamic thrust can be used to boost the orbit of a spacecraft. Concept description: current from a spacecraft's on-board power supply is fed into the conducting, insulated tether (which connects the spacecraft and a possible subsatellite) against the electromagnetic force induced by the geomagnetic field, producing a propulsive force on the spacecraft/tether system. The TSS-1, TSS-1R and PMG missions have demonstrated this principle. The application of the generation of electrodynamic thrust concept implies that a tethered system of mass between 100 and 20000 kg, having am aluminum tether of length between 10 and 20 km produces thrust of up to 200 N, being powered with up to 1.6 MW.
PASSIVE ELECTRODYNAMIC TETHER DRAG -PRINCIPLE OF OPERATION
The electrodynamic drag concept is based on the exploitation of the Lorentz force due to the interaction between the electric current flowing in a conducting tether and the geomagnetic field. The motion of the conducting tether through the Earth's magnetic field will generate a voltage along the tether. The electromagnetic interaction of a conducting tether deployed from an upper stage launcher vehicle at EOM (end of mission), moving at orbital speeds across Earth's magnetic field will induce current flow along the tether, provided there exists a means for the tether to make electrical contact with the ambient plasma, such as a hollow cathode plasma contactor, field emission device or a bare wire anode. The electron current is leaving the space plasma and entering the tether near the end so the current will flow upwards through the tether, towards the upper stage body. The movement of the tether carrying a current , while being embedded in a magnetic field , will generate an electro-dynamic force on each element of the tether. This force is always at right angles to both the magnetic field vector and the length vector of the tether, despite the variation of the angle between the length vector of the tether and the local vertical (in the tether frame of reference), to which the orbital velocity vector of the upper stage launcher vehicle is perpendicular. The resultant electro-dynamic drag force is a component of the electro-dynamic force and is parallel to the velocity vector of the upper stage launcher vehicle but opposite in direction. 
ANALYSIS OF UPPER STAGE -TETHER SYSTEM IN ORBIT
In reference [2] , it is found that a conducting tether which has the mass , and is orbiting above the equator through a transverse magnetic field of strength at a velocity with respect to the magnetic field , will generate an electrical power in the tether given by the following equation:
In (1), represents the resistivity and is the density of the conducting material of which the tether is made of. The tether's resistance transforms this resulting power into heat, power which is then radiated away into space. This way, kinetic energy is extracted from the spacecraft. As specified in [4] , a typical mass percentage of the tether, relative to the host spacecraft would be 1%. For an aluminium tether with mass = 15 , resistivity = 27.4 Ω⁄ and density = 2700 3 
⁄
, orbiting above the equator at a velocity of = 7000 ⁄ relative to the Earth's transverse magnetic field = 20 , the power which will be dissipated will be = 2650 . We can use this value, coupled with (2), from [5] , to find out the time needed to lower a spacecraft's circular orbit from radius 2 to radius 1 (with 2 > 1 . In (2), represents the spacecraft circular orbit's semi-major axis, ⊕ is the Earth's gravitational parameter, is the mass of the spacecraft and is the power dissipated by the drag force, given in (1). If we choose = 1000 , 2 = 7378
(a spacecraft descending from an orbit of initial altitude relative to Earth's surface of 1000 km, to a final altitude of 250 km), we get Δ = 14.08 days.
The Earth's magnetic field can be approximated by a magnetic dipole with the magnetic axis of the dipole tilted off from the spin axis of the Earth by = 11.5, as illustrated in Fig2. Using this magnetic dipole model, the magnetic field can be divided at any point in two components: a tangential, or horizontal component, , and a radial, or vertical component, . In (3) and (4) represents the magnitude of Earth's magnetic field on the magnetic equator at the surface of the Earth and is equal to 31 or 0.31 , = 6378 is Earth's radius, is the radial distance of a point from the centre of the Earth and is the magnetic latitude starting from the Earth's magnetic equator. The 436 km offset of the magnetic dipole center from Earth's center will not be taken into account. The calculations will be made with respect to the magnetic dipole frame of reference so the orbit inclination will have the formula = ± , where λ is the inclination between the orbit and the plane of the magnetic dipole frame of reference, is the angle between the orbit and Earth's frame of reference's plane and is the angle between Earth's plane of reference axes and the magnetic dipole frame of reference axes. The values of the inclination go from = + to = − once a day, as the upper stage orbits the Earth. The circular orbit of the rocket upper stage can be parameterized in Cartesian and spherical coordinates, in terms of the angle around the orbit normal, assuming a fixed orbit inclination angle λ. The velocity of the rocket upper stage around the orbit, at a given point, by using (5) is found to be:
In (6), 0 is the magnitude of the velocity around the orbit and is given by:
In (5) 
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The motion of the tether across the geomagnetic field induces an electric field in the reference frame moving with the tether:
Consequently, in the reference frame of the tether there will be a voltage along the tether:
In (7), the length vector of the tether has the following formula:
By coupling (4), (9) and (11) into (10) and keeping in mind that = , now that we are doing the calculations in the magnetic dipole's frame of reference, we get the following formula for the voltage along the tether:
The hallow cathode plasma contactor, field emission device, or bare wire anode, mounted at the end of the tether provides contact with the ambient plasma to the tether and allows current to flow through it. The tether material has a total resistance . This total resistance includes tether resistance, control circuit resistance, plasma contact resistance and parasitic resistances. The induced current flow through the tether will have the following formula:
The movement of the tether, through which an electrical current flows towards the upper stage launch vehicle body, through Earth's magnetic field, will generate an electrodynamic force (Lorentz force) on each element of the tether. When this force is integrated along the length of the tether, the net electrodynamic force will be: 
Because of the tether's movement on orbit, an electrodynamic drag force also appears, as component of the electrodynamic force , being parallel but opposite in direction to the velocity vector. This electrodynamic drag force has the following formula: 
NUMERICAL SIMULATION AND RESULTS ANALYSIS
Numerical simulations have been performed to investigate the de-orbit time of a rocket upper stage when using passive electrodynamic tether drag. The orbit was considered circular, the orbit inclinations used were considered to go from 0° to 75°, the mass of the rocket upper stage was presumed to range between 500 and 2000 kg, the tether length from 5 to 20 km and the altitudes from where the de-orbit procedure was started were considered to range from 500 to 2000 km (LEO upper limit). All calculations were done from the altitude of reference to 250 km. According to [6] , the angle between the tether and the local vertical in the tether frame of reference, maximizes the electrodynamic drag force when kept at = 35.26°.
This angle was used in the numerical application of this paper. The results obtained are comparable to the results obtained in [6] and [7] . According to Fig. 3 , the de-orbit time is greater for higher inclination orbits. As it can be seen from Fig. 4 and Table 1 , the de-orbit time is dependent upon tether length and orbit inclination. Consequently, longer tethers at less inclined orbits de-orbit faster. Fig. 5 describes how the de-orbit time is influenced by upper stage mass and tether length. De-orbit times will be larger for shorter tethers and heavier upper stages. Table 1 shows values and levels of voltage along the tether for different values of orbit inclination, tether length and tether diameter. The electrodynamic drag force decreases as inclination increases, as tether length decreases and as tether diameter decreases. This can also be seen from (15). The voltage through the tether decreases as orbit inclination increases and as the tether length decreases which is also highlighted by (12). Table 2 shows how power levels through the tether vary in accordance with tether mass, semi-major axis of the orbit, geomagnetic field value at tether position on orbit and orbit inclination. , a numerical analysis on natural upper stage deorbit time has also been performed (i.e. without the tether system). (18) describes the change in semi-major axis in one orbit revolution, due to atmospheric influence, and was coupled with (19), the number of revolutions, and the orbital period, (20) to find out the de-orbit time over many revolutions. Atmospheric data such as density, height scale, and temperature were obtained from [8] and [9] . The results are displayed in Table 3 , for which have been chosen = 0, the exospheric temperature = 1000 , a tether with length = 15 , = 35.26°, 1 mm thick aluminum tether and a circular orbit. Entry altitude was considered to be 250 km, as in the other calculations within this study. , the atmospheric drag coefficient was considered to be 2, In (19), = is the ballistic coefficient with being the area of cross section perpendicular to the velocity of the upper stage. The radius of this cross section was considered to be = 1. 
CONCLUSIONS
Although the passive electrodynamic tether drag proves, according to Fig. 3, Fig. 4 , Fig. 5 and Table 3 highly efficient at increasing the orbital decay rate of an upper stage at EOM within LEO limits, its performance is highly dependent on orbit inclination, tether thickness, tether length, orbital stability and environment conditions. The higher the orbit inclination, the lower the strength of the geomagnetic field, thus the lower the electrodynamic drag force. Also, calculations with inclinations greater than 75° need to be treated differently as the spacecraft will advance in orbit in the retrograde direction relative to the magnetic field for a part of the day, the magnetic pole being rotated by the Earth's spin. Consequently, the voltage on the tether will have opposite direction for one portion of the day. Tether thickness is important for current collection but can also provide safety from high speed orbital debris impacting the tether. The longer the tether, the smaller the de-orbit time, as suggested by Fig. 3 , but this length can also be an environmental concern because a tethered spacecraft, as a whole, has a greater chance of colliding with other debris or spacecraft, thus creating more debris, malfunctioning satellites which are still in use or being a threat to on-going space missions.
